The Aqua spacecraft was launched in May 2002 with six Earth-observing instruments on board to collect data on a wide variety of Earth system variables. After 10 years of onorbit operations, Aqua has provided data that have contributed to over 2,000 scientific publications, with new results on the Earth's energy budget, trace gases and particulate matter in the atmosphere, vegetation on land and in the oceans, and many aspects of the water cycle. Additionally, the Aqua data have been used for practical applications ranging from weather forecasting to deployment of firefighters and routing of aircraft. Although the 6-year design life of the satellite has been successfully completed and exceeded, enough fuel remains on Aqua for approximately another 10 years of operations.
INTRODUCTION
NASA's Earth-orbiting Aqua spacecraft ( Figure 1 ) was launched at 2:55 a.m. on May 4, 2002 , from Vandenberg Air Force Base in California. It soon was maneuvered to its desired near-polar, sun-synchronous orbit at an altitude of 705 km, crossing the equator going north at 1:30 in the afternoon and south at 1:30 in the morning, local time [14] . At 705 km, it orbits the Earth every 98.8 minutes.
Aqua has on board six Earth-observing instruments: the Atmospheric Infrared Sounder (AIRS), the Advanced Microwave Sounding Unit (AMSU), the Humidity Sounder for Brazil (HSB), the Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E), the Moderate Resolution Imaging Spectroradiometer (MODIS), and the Clouds and the Earth's Radiant Energy System (CERES). HSB was provided by the Brazilian Institute for Space Research, AMSR-E was provided by the Japan Aerospace Exploration Agency (JAXA), and the remaining instruments and the spacecraft were provided by the United States National Aeronautics and Space Administration (NASA).
AIRS, AMSU, and HSB work together as a sounding system centered on AIRS. HSB ceased operations in February 2003, after 9 months of collecting valuable information about atmospheric humidity and cloud liquid water. AIRS and AMSU continue to work well and enable the determination of atmospheric temperature, moisture, and key trace gases in the atmosphere as well as cloud and surface parameters.
CERES measures reflected shortwave radiation at the top of the atmosphere, total outgoing radiation at the top of the atmosphere (allowing calculation of outgoing longwave radiation by a simple subtraction), and the outgoing radiation in the 8-12 µm atmospheric window.
MODIS and AMSR-E are both multi-purpose instruments measuring numerous variables in the atmosphere, on the land, and in the oceans, with MODIS doing so at visible and infrared wavelengths and AMSR-E doing so at microwave wavelengths. MODIS has the finest spatial resolution (250 m to 1 km) of any of the Aqua instruments, whereas AMSR-E has the advantage of obtaining surface variables under almost all weather and lighting conditions, versus the restriction to cloud-free conditions for many of the MODIS surface measurements.
MODIS and CERES are both on the Terra satellite, launched in December 1999, as well as on Aqua, allowing more complete coverage of the daily cycle of variables measured by those two instruments. Terra crosses the equator at approximately 10:30 a.m. and 10:30 p.m.
AMSR-E experienced a major anomaly on October 4, 2011, and was out of operation from that date until February 6, 2012, when the instrument was turned back on although without rotation of the antenna.
Aqua has now exceeded 10 years of on-orbit operations. It has collected a wealth of data that have been used for a variety of scientific and practical purposes. This paper highlights a selection of the key results, in sections on the global energy budget, atmospheric trace gases, particulate matter in the atmosphere, the water cycle, vegetation, and practical applications. CERES measurements allow derivation of the solar radiation reflected from the Earth/atmosphere system back to space and the Earth's longwave radiation emitted to space (e.g., Figure 2 ). The CERES data from Aqua and Terra have been used with incoming solar radiation data from the Total Irradiance Monitor (TIM) on the Solar Radiation and Climate Experiment (SORCE) to calculate that the Earth has been accumulating energy at a rate of approximately 0.50 ± 0.43 Wm -2 over the course of the 10-year period 2001-2010 [13] . This slight imbalance at the top of the atmosphere means that more energy is entering than leaving the Earth system, resulting in overall warming.
THE GLOBAL ENERGY BUDGET
There are many forcing factors that affect the Earth's energy budget, leading to the current slight imbalance, and Aqua measurements are contributing new information on many of these, as illustrated in Sections 3-6. Among the most-discussed contributors to the Earth's energy imbalance are greenhouse gases, which promote warming by hindering terrestrial radiation from leaving the Earth system. The most abundant greenhouse gas, water vapor (mentioned further in Section 5), and the second most abundant greenhouse gas, carbon dioxide (CO 2 ), are two of the trace gases calculated and mapped from AIRS/AMSU data.
ATMOSPHERIC TRACE GASES
The first global maps of mid-tropospheric CO 2 concentrations were derived from the AIRS/AMSU data (e.g., Figure 3 ). These maps have revealed the CO 2 distributions to be strongly influenced by the mid-latitude jet streams, synoptic weather systems, and the strength of the Northern Hemisphere annular mode [3, 7] . When animated through a several-year record, they give a powerful depiction of both the seasonal cycle of atmospheric CO 2 and the overall upward trend (animation available at http://svs.gsfc.nasa.gov/vis/a000000/a003500/a003562/ index.html).
PARTICULATE MATTER IN THE ATMOSPHERE
Much (but not all) of the particulate matter in the atmosphere has an opposite effect on the Earth's radiation budget than do greenhouse gases, due in part to the fact that particulate matter reflects solar radiation. AIRS/AMSU and MODIS measurements of particulate matter include significant information on volcanic emissions, dust storms, fire emissions, and other natural and anthropogenic aerosols.
For two examples, AIRS/AMSU data have led to improved understanding of the impact of the Saharan Air Layer on hurricane formation and intensification [15] , and an enhanced MODIS aerosol algorithm called the 'deepblue algorithm' allows derivation of aerosol properties over bright reflecting surfaces, such as deserts, overcoming a limitation of earlier algorithms that were appropriate only for aerosols above dense vegetation and oceans [6, 12] . Further, the MODIS aerosol products include a distinction between fine particles, which are often associated with anthropogenic sources, and coarse particles, which are more likely to be from natural sources.
THE WATER CYCLE
The Aqua spacecraft is named for the data it collects relevant to water in the Earth system, 'Aqua' being Latin for 'water'. Aqua standard products regarding the water cycle include evapotranspiration from MODIS, atmospheric water vapor from AIRS/AMSU and AMSR-E, precipitable water from MODIS, cloud products from AIRS/AMSU, AMSR-E, CERES, and MODIS, rainfall from AMSR-E, sea ice from AMSR-E and MODIS, fractional snow cover from MODIS, snow depth and snow water equivalent from AMSR-E, and soil moisture from AMSR-E.
The AMSR-E measurements in particular are focused strongly on the water cycle, with some notable enhancements over previous data sets. For instance, the AMSR-E rainfall data (e.g., Figure 4 ) extend to high latitudes the impressive low-latitude rainfall coverage provided by the Tropical Rainfall Measuring Mission (TRMM), launched in November 1997. AMSR-E allweather surface measurements have provided unprecedented global monitoring of sea surface temperatures [4] , which, for one example, have been used with AMSR-E ocean surface wind and integrated water vapor measurements to estimate ocean-atmosphere latent heat flux [10] . Similarly, AMSR-E all-weather sea ice measurements provide higher resolution than from previous passive-microwave imagers and have been used in studies of the record minimum Arctic sea ice extent in 2007 [5] and the large-scale processes governing the seasonal variability of sea ice in the Southern Ocean [8] . Two key results regarding the Earth's cloud cover obtained through the combination of data from the Aqua MODIS and the Terra MODIS are that: (1) average global cloud coverage is about 68%, and (2) this is equally true of Aqua's early afternoon measurements and Terra's approximately 10:30 a.m. measurements [9] . Furthermore, over oceans cloud coverage averages about 72%, with slightly higher Terra values, at about 10:30 a.m., than the early afternoon Aqua values, while over land cloud coverage averages about 55%, with slightly higher values in the early afternoon [9] .
VEGETATION
MODIS data additionally provide information on land and ocean vegetation. MODIS-derived measures of land vegetation include leaf area index, photosynthetically active radiation, evapotranspiration, net and gross primary productivity, and two vegetation indices, the Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI). The NDVI provides important continuity with long-term measurements from instruments on earlier satellites, for long-term climate applications, while the EVI has enhanced sensitivity in areas of dense vegetation and reduces the effects of canopy and soil variations.
MODIS ocean-color measurements continue the record of chlorophyll-a derived from measurements of the Seaviewing Wide Field-of-view Sensor (SeaWiFS), launched in 1997 on the Orbview-2 satellite, and also contribute new measurements, most notably of fluorescence. Chlorophyll-a measurements provide an indicator of phytoplankton biomass, while fluorescence data from the Aqua MODIS provide the first large-scale, satellite-derived view of the health and physiological stress of ocean phytoplankton [1] . Figure 5 . Forest fires in Oregon, in the northwest United States, August 12, 2002 , from Aqua MODIS data. Such images assist forest services in monitoring forest fires and determining the appropriate deployment of fire fighters.
PRACTICAL APPLICATIONS
Although the Aqua mission was developed largely for its scientific value, the Aqua data have proven to be of immense practical value as well. As anticipated well before launch, the high accuracies of the AIRS temperature and water vapor measurements have led to measurable improvements in forecast skill when these data are incorporated in weather forecast models [2] . Additionally, AMSR-E sea surface temperature, water vapor, and precipitation data have been used by hurricane prediction centers; and incorporation of MODIS-derived polar winds in weather forecast models has resulted in improved forecasts for the polar regions and beyond [11] .
Among the many other practical applications of the Aqua data, many greatly facilitated by Aqua's direct broadcast capability, are the following: the use of MODIS data by the U.S. Forest Service and other forest services around the world to monitor forest fires ( Figure 5) ; the use of AIRS and MODIS data by airplane pilots and aviation administrations to monitor volcanic emissions and help steer planes clear of volcanic ash; the use of AIRS data by the Environmental Protection Agency for air-quality analyses; the use of CERES data by utility companies for energy management; the use of AMSR-E sea surface temperature data by the Japanese fishing industry in their analyses of local and regional fishing conditions; the use of AMSR-E and MODIS data for monitoring floods and their aftermath; the use of MODIS data for monitoring oil spills and dust storms; and the use of AMSR-E and MODIS data for sea ice monitoring by ships maneuvering in polar oceans.
CONCLUDING COMMENT
Well over 2,000 scientific papers have been published using Aqua data. Hence neither this nor any other short summary can include more than a small sampling of the results obtained so far from the Aqua mission. Still, the results mentioned illustrate the value of the Aqua data both for scientific studies and for practical applications. More information can be found at http://aqua.nasa.gov and through the many links provided at that website.
